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I NTRODUCT I ON 
A. 
. 
A 1 inear  thermoplast ic po ly imi  de, LARC-TPI, was devel oped several years 
ago a t  NASA Langley Research Center (LaRC) which showed promise as a h igh  
temperature adhesive f o r  app l i ca t ions  i n  a i r c r a f t  and spacecraft. 
mater i  a1 was o f  i n t e r e s t  because o f  i t s  toughness, f l  e x i  b i  1 i ty , good thermal 
and thermooxi d a t i  ve s tab i  1 i ty and other desi r a b l  e p roper t i es  .1-6 The 
The 
mater ia l  had been inves t iga ted  by Boeing A i r c r a f t  Company as a h igh 
temperature adhesive f o r  bonding t i tan ium adherends and found t o  r e t a i n  i t s  
h igh  s t rength  f o r  37000 hours a t  232°C.7,8 
A water so lub le vers ion o f  the  LARC-TPI, i d e n t i f i e d  as TPI(MTC)/H20 i n  
t h i s  paper, was synthesized a t  Uni ted Technologies Research Center, East 
Har t ford,  Connect icut  from a polyamic-acid s o l u t i o n  i n  diglyme prepared by 
M i t s u i  Toatsu Chemicals, Incorporated (MTCI 1, Tokyo, Japan. A water sol  vent 
used i n  the manufacturing and processing o f  an adhesive i s  very a t t r a c t i v e  
because present poly imide adhesives, as we l l  as ma t r i x  res ins,  use organic 
so lvents  which are r e l a t i v e l y  expensive and requ i re  s t r i c t  sa fe ty  and 
environmental requirements dur ing manufacture and processing. 
MTCI was l i censed by the U.S. Government i n  March 1984 t o  produce the 
LARC-TPI f o r  subsequent sa le i n  the U.S.’ M T C I  made i t  commercially 
a v a i l a b l e  the  l a t t e r  p a r t  o f  1984 and i t  i s  present ly  ava i l ab le  as a 
so lu t ion ,  f i l m ,  and semi -c rys ta l l ine  powder. The polyamic-acid s o l u t i o n  
I 
manufactured by MTCI i s  i d e n t i f i e d  as TPI/MTC i n  t h i s  paper. The mater ia ls ,  
a polyamic-acid s o l u t i o n  and a water-soluble so lut ion,  were prepared as 
adhesive tapes and used t o  bond t i tan ium adherends. 
This  r e p o r t  d e t a i l s  the cesul t s  o f  a study (1)  on the adhesive bond 
s t reng th  of TPI(MTC)/HPO up t o  232°C f o r  two bonding pressures (2)  on the  
~ 2 
, 
d i s t i l l e d  water with s t i r r i n g  a t  50-60°C. 
s o l i d s  s o l u t i o n  had a v i s c o s i t y  o f  7 cs a t  25°C. 
TPI(MTC)/H20 was found t o  increase r a p i d l y  above t h i s  concentrat ion as 
i l l u s t r a t e d  i n  Figure 1. For t h i s  reason, the 9.7% s o l i d s  s o l u t i o n  was used 
i n  t h i s  study. The r e s i n  s o l u t i o n  was used fo r  prepar ing the  adhesive tape 
as we l l  as f o r  use as a primer. 
The r e s u l t i n g  c l e a r  amber 9.7% 
The v i s c o s i t y  o f  
. 
- - - 
e f f e c t s  o f  thermal exposure f o r  500, 1000 and 5000 h rs  a t  204°C and a 
72-hour water-boi l  on the l a p  shear s t rength  f o r  TPI(MTC)/HZO adhesive. 
These t e s t  resu l t s  are compared w i t h  data p rev ious ly  repor ted fo r  TPI/MTC.' 
EXPERIMENTAL 
3 
. 
A 29.1 w t  % so l  i d s  polyamic-acid s o l u t i o n  i n  bis(2-methoxyethyl )e ther  
(diglyme) was manufactured and suppl led by M i  t s u i  Toatsu Chemicals, 
Incorporated (MTCI), Tokyo, Japan. The monomers used i n  the preparat ion o f  
LARC-TPI were 3,3' ,4,4'-benzophenone te t racarboxy l  i c  d ianhydr ide (BTDA) and 
3,3'-diaminobenzophenone (3,3'-DABP).*s7 The polyamic-acid s o l u t i o n  
so lu t ion ,  l o t  supp l ied  by M T C I  i s  i d e n t i f i e d  as TPI/MTC i n  t h i s  repor t .  
no. 26-001, had an n i n h  o f  0.54 d l /g  (35°C) and a Brook f ie  
24,600 cps (23°C). 
The 
d v scos i ty  o f  
Character izat ion.  Lap shear strength (LSS) was obtained according t o  
ASTM D-1002 us ing a Model TT Ins t ron  universa l  t e s t i n g  machine. The average 
LSS's repor ted represent a t  l e a s t  four l a p  shear specimens tes ted  f o r  any 
one cond i t i on  except as noted i n  the  tables.  
were conducted i n  a c l  am-shell , quartz-1 amp oven w i t h  temperature con t ro l  l e d  
t o  w i t h i n  f 3°C f o r  a l l  tests.  Specimens were he ld  10 min a t  temperature 
p r i o r  t o  t e s t i n g  except f o r  the water-boi l  specimens which were tes ted  as 
soon as the t e s t  temperature was reached. The range o f  LSS's i s  ind ica ted  
.by dashed l i n e s  i n  the bar graph f igures and given i n  the tab les.  
Elevated temperature t e s t s  
Bondl ine th ickness was obtained as the d i f f e rence  between the t o t a l  
j o i n t  th ickness measured w i t h  a micrometer and the sum o f  the adherend 
thicknesses. 
TPI(MTC)/H20 and 0.091 mn (0.0036 in . )  f o r  TPI/MTC. 
The average bondl ine thickness was 0.086 n (0.0039 in . )  f o r  
Glass t r a n s i t i o n  temperatures (Tg) o f  the adhesive from the f rac tu red  
l a p  shear specimens were determined by thermomechanical ana lys is  (TMA) on a 
DuPont 943 Analyzer i n  s t a t i c  a i r  a t  a heat ing  r a t e  o f  5'C/min us ing a 
hemispherical probe w i t h  a 15 g mass. 
4 
Inherent viscosity ( n i n h )  was determined using a Cannon-Ubbelohde 
viscometer i n  a 35°C water ba th  controlled t o  w i t h i n  f: 0.01"C. A 10 ml  
so lu t ion  of 0.5% solids i n  N,N-dimethylacetamide (DMAC) was made and 
f i l t e r ed .  The average of three runs of the solution was reported. 
Adhesive Tape. Adhesive tape for the TPI/MTC was prepared by brush  
coating a 7.5 w t  % solids polyamic-acid primer solution i n  diglyme onto 0.01 
cm thick 112 E-glass cloth w i t h  A-1100 f inish (u-aminopropylsilane). 
glass cloth served as a car r ie r  for the adhesive as well as for  bondline 
control and as an escape channel for  solvent and volat i le  reaction 
The 
products. After the primer was applied, the coating was air-dried for 1 hr 
and heated i n  a forced a i r  oven fo r  1 hr a t  each of three temperatures: 
lOO"C,  150"C, and 175°C. Due t o  the d i f f icu l ty  of applying the as-supplied 
29.1 w t  % solids solution, i t  was necessary t o  d i lu te  the solution to 
approximately 24 w t  % sol ids  for  easier  b r u s h  application onto the glass 
cloth.  Subsequent applications were exposed to  the following schedule u n t i l  
a thickness of 0.02 - 0.025 cm was obtained: 
(1) Room temperature fo r  1 hr 
(2) RT + lOO"C, hold 1 h r  
(3)  100°C -+ 150"C, hold 2 hrs . 
( 4 )  150°C -+ 175"C, hold 3 hrs 
The rather involved procedure to  prepare the tape was necessary t o  
, 
drive off solvent and reaction product volat i les  when converting the 
polyamic-acid resin t o  the polyimide. 
polyimi des general ly  occurs above -160°C w i t h  the degree of conversion bei ng 
a function of time a t  temperature. 
Imidization of polyamic-acids t o  
8 
5 
Adhesive tape f o r a t h e  TPI(MTC)/H20 was prepared i n  a similar manner 
u s i n g  a 9.7 w t  % s o l i d s  solution i n  water conta in ing  the N,N-dimethylethanol 
amine s a l t  prepared a t  UTRC. 
undergoes thermal conversion to  the polyimide just as i n  the case of the 
polyamic-acid. Af te r  applying the 9.7 w t  % s o l i d s  so lu t ion  on the g l a s s  
c loth,  the resin was a i r -d r i ed  f o r  0.5 h r  w i t h  subsequent hea t ing  f o r  0.5 hr 
a t  each of the three temperatures, lOO"C, 150"C, 175"C, u n t i l  a tape 
thickness of 0.025 cm was obtained. Diffuse Reflectance-Fourier Transform 
I n f r a r e d  (DR-FTIR) spectra were obtained on a similar solution which  showed 
imide formation a f t e r  a s i n g l e  cyc le  (i.e., a i r -dry ,  0.5 h r ;  lOO"C, 0.5 hr; 
150°C, 0.5 hr) and repor ted  i n  reference 9. 
T h i s  water soluble polyamic-carboxyl ate 
Adhesive Bonding. The prepared adhesive tapes were used t o  bond 
t i t an ium adherends ( T i  6A1-4V, per Mil-T-9046E, Type I11 Comp.) w i t h  a 
nominal thickness of 0.13 cm. The four-fingered Ti(6A1-4V) panels were g r i t  
b l a s t e d  w i t h  120 g r i t  a luminum oxide, washed w i t h  methanol, and t r e a t e d  w i t h  
a Pasa-Jell 107* treatment t o  form a s t a b l e  oxide on the sur face .  The 
adherends were washed w i t h  water and dr ied i n  a forced-a i r  oven a t  100°C f o r  
5 min .  The t r e a t e d  adherends were primed w i t h i n  two hours of the su r face  
treatment by applying a t h i n  coat of the respective adhesive solutions on 
the surfaces to  be bonded. They were a i r -d r i ed  under a fume hood f o r  0.5 hr 
then placed i n  a forced-a i r  oven and heated f o r  15 t o  30 min  a t  100°C and 15 
t o  30 m i n  a t  150°C. 
I 
The primed adherends were s to red  i n  a polyethylene bag 
*Trade name f o r  a t i tanium su r face  treatment a v a i l a b l e  from Semco, Glendale, 
CA. 
6 
and placed i n  a desiccator u n t i l  needed. Lap shear specimens were prepared 
by i n s e r t i n g  the adhesive tape between the primed adherends using a 1.27 cm 
over lap  (ASTM D-1002) and applying pressure i n  a hydraul ic  press. The 
bonding cyc le s  used during this study were a s  follows: 
Cycle 1 
(1) Apply 0.34 MPa pressure, hea t ing  rate = 8"C/min, RT + 343"C, hold 
1 hr 
( 2 )  Cooled under pressure t o  150°C and removed from bonding press 
Cycle 2 
(1) Apply 2.07 MPa pressure, h e a t i n g  r a t e  = 8"C/min, RT + 343"C, hold 
1 hr 
( 2 )  Cool under pressure t o  = 150°C and remove from bonding press 
Thermal and Water-boi 1 Exposure. TPI (MTC ) /H20 1 ap shear  specimens were 
thermally exposed i n  a forced-a i r  oven f o r  500, 1000, and 5000 hrs a t  
204OC. The forced-air  oven was con t ro l l ed  t o  w i t h i n  2 1% of the exposure 
temperature.  Lap shear s t r eng th  tests were conducted a t  RT, 177"C, 204"C, 
and 232OC before (controls) and a f t e r  exposure. 
A r a t h e r  severe 72-hour water-boil t es t  was conducted i n  l abo ra to ry  
glassware containing b o i l i n g  d i s t i l l e d . w a t e r .  
inmersed (above t h e  bonded a rea )  during the 72-hour per iod.  
s t r e n g t h s  were determined a t  RT, 177"C, 204"C, and 232°C. 
Lap shear  specimens were 
Lap shear  
, 
RESULTS AND DISCUSSION 
Materials and Chemistry. The proposed r e a c t i o n s  f o r  the formation of 
the sub jec t  thermoplastic polyimides are shown i n  F igure  2. The monomers 
7 
used i n  the prepara t ion  were BTDA and 3,3'-DABP. 
polyamic-carboxylate ( I )  [TPI(MTC)/H20] undergoes a thermal conversion w i t h  
e l imina t ion  of water and N,N-dimethylethanol amine t o  form the polyimide 
(1111, whereas i n  the o the r  scheme, the polyamic-acid (11) e l imina te s  water  
t o  form the polyimide. 
The water-soluble  
Imide formation was shown i n  reference 9 during prepara t ion  of an 
adhesive t a p e  and on a f r ac tu red  lap shear specimen f o r  LARC-TPI prepared 
from a water  so luble  mater ia l  s i m i l a r  t o  the TPI(MTC)/HPO used i n  the 
present study. 
TPI (MTC)/H20 Bonding Pressure. The prepared TPI (MTC)/H20 adhesive t ape  
was used t o  bond t i tan ium w i t h  a Pasa-Jell  t rea tment  which forms a s t a b l e  
oxide on the sur face  t o  be bonded. 
p a r t  of the study were described earlier. 
conducted a t  RT, 177OC, 204OC, and 232°C (Table I and Figure 3) .  Results 
a r e  expressed i n  graphical form f o r  those interested i n  ob ta in ing  a quick 
- p i c t o r i a l  sumnary of results and i n  t abular  form f o r  those  interested i n  
more d e t a i l  and addi t iona l  information not  included i n  the graphs such a s  
The two bonding cyc le s  used f o r  this 
Lap shear  s t r eng th  tests were 
Tg, f a i l u r e  mode, and the number of specimens tested. The l a p  shear  
s t r e n g t h s  and trends a r e  the same f o r  both bonding pressures used w i t h  the 
average s t r eng th  decreasing s l i g h t l y  a t  204"C, 
an even g r e a t e r  decrease a t  232"C, 69% of RT s t r eng th .  All f a i l u r e s  were 
pr imar i ly  cohesive.  
232°C were s i g n i f i c a n t l y  lower (230°C and 222°C) than those  specimens tested 
a t  RT, 177"C, and 204OC (range from 240°C t o  250°C). The reason f o r  this , 
difference is  no t  known a t  this time. Because 2.07 MPa bonding pressure had 
been used i n  the e a r l i e r  reported work w i t h  TPI/MTC f o r  which comparisons 
90% of the RT s t r eng th ,  and 
b 
The Tg is determined f o r  those specimens 'tested a t  
8 
a r e  made, and because .no s i g n i f i c a n t  d i f fe rence i n  r e s u l t s  f o r  TPI(MTC)/H20 
was noted f o r  the two bonding pressures, t he  2.07 MPa was used f o r  the 
remainder of t h i s  eva lua t ion  f o r  the TPI(MTC)/H20 adhesive. 
Thermal Exposure. Long term thermal s t a b i l i t y  was determined by 
exposing unstressed l a p  shear specimens a t  204°C f o r  up t o  5000 hrs  i n  a 
fo rced-a i r  oven. Lap shear s t rength  was determined a t  RT, 177"C, 204"C, and 
232°C before (contro ls)  and a f t e r  exposure. 
Resul ts are given i n  Table I 1  and F igure  4 f o r  TPI(MTC)/H20 which 
i n d i c a t e  no appreciable d i f f e rence  f o r  the  l a p  shear s t rengths a t  RT, 177"C, 
and 204°C f o r  up t o  5000 hrs  exposure. The range o f  values i s  from 24.8 MPa 
t o  27.8 MPa. However, a s i g n i f i c a n t  decrease i n  s t rength  was found f o r  
those thermal ly  aged up t o  1000 hrs  a t  204°C and tes ted  a t  232OC (16.7 MPa 
t o  19.3 MPa). On f u r t h e r  aging t o  5000 h r s  a t  204"C, the  s t rength  a t  232°C 
increases t o  21.9 MPa. This type o f  behavior i s  n o t  uncommon fo r  po ly-  
imides. 
excel 1 en t  strength f o r  1 ong term thermal exposure. 
were p r i m a r i l y  cohesive -- the  des i rab le  mode o f  f a i l u r e .  
These are  encouraging r e s u l t s  because the adhesive r e t a i n s  
A1 1 specimen fa1 1 ures 
The c o l o r  o f  the 
adhesive was very dark, almost black. Again, the Tgs f o r  those tes ted  a t  
232"C, except f o r  those thermal ly  aged f o r  5000 hrs, were low compared t o  
the r e s t  of the measurements. 
I 
Data obtained from reference 9 f o r  TPI/MTC are given i n  Table I11 and 
F igure  5 fo r  l a p  shear s t rength t e s t s  performed a t  RT, 177"C, and 204°C. A 
general t r e n d  o f  decreasing l a p  shear s t rength  wi th  inc reas ing  t e s t  
temperature was obtained f o r  a l l  those tes ted  up t o  1000 hrs.  
thermal ly  exposed f o r  5000 h rs  nominally gave the  same s t rength  f o r  a l l  
t e s t s  (25.7 MPa t o  27.1 MPa). The decrease i s  small, l e s s  than 24%, fo r  
Those 
9 
. 
specimens aged up t o  1000 hrs. 
adhesive was an amber color, whereas t h a t  of the TPI(MTC)/H20 was almost 
black. A possible trend of increasing Tg w i t h  time of thermal aging was 
A l l  fai lures were 100% cohesive. The 
noted. 
When comparing the two adhesives, the data indicates higher strengths 
were obtained for  the TPI/MTC system. The T P I  (MTC)/H20 strengths obtained 
for  up to  204°C t e s t s  ranged from 80% t o  100% of the TPI/MTC strengths w i t h  
only two values less  t h a n  91%. 
strengths a t  t e s t  temperatures up t o  204°C for  a t  l ea s t  5000 hrs. 
Obviously, both systems retain excellent 
Earlier 
mention was given to the fac t  that  Boeing Aircraft  Company had found 
excellent strength retention for up t o  37,000 hrs (chromic acid anodized 
t i t a n i u m  adherends) 
the TPI  (MTC )/H20 performed exceptional ly  we1 1 d u r i  ng 1 ong term thermal 
Considering the advantages of a water-soluble system, 
exposure. 
72-Hour Water-boil. Results of the 72-hour water-boil t e s t  for lap 
shear specimens bonded w i t h  TPI(MTC)/H20 adhesive are given i n  Table IV and 
shown i n  Figure 6. 
and 232°C. 
Lap shear strength was determined a t  RT, 1 7 7 O C ,  204"C, 
RT lap shear strength decreased from 26.8 MPa t o  23.3 MPa. The 
177"C, 204"C, and 232°C lap shear strengths were, respectively, 73%, 48%, 
and 46% of the i r  control strengths a t  those temperatures. Therefore, the 
e f f ec t  of the 72-hour water-boil was t o  significantly reduce the strength of 
I 
the bonded jo in t .  A l l  failures were cohesive. No obvious trend was noted 
for the measured Tgs except that ,  again, the Tgs measured a t  232°C were 
lower than the r e s t  w i t h  no apparent reason for  this occurrence. 
Results of the 72-hour water-boil t e s t  for  lap shear specimens bonded 
w i t h  TPI/MTC adhesive taken from reference 9 are given i n  Table V and 
I 
i 10 
I Figure 7. LSS was determined a t  RT, 177"C, ad 204°C. No tests were 
performed a t  232°C. RT lap shear strength decreased 16% from 33.0 MPa t o  
27.8 MPa. 
and 204°C which were only 66% and 40% respectively those of the controls '  
strengths. Tgs are also given in the l a s t  
column o f  Table V and for the water-boil specimens indicate a possible trend 
of decreasing Tg w i t h  increasing t e s t  temperature. 
measurements were made and because of the measurement technique, the trend 
Significant lap shear strength decreases were obtained a t  177°C 
All fa i lures  were 100% cohesive. 
Because only single 
is  inconclusive. 
The two adhesive systems, TPI(MTC)/HEO and TPI/MTC, react essent ia l ly  
the same t o  the water-boil exposure. 
s ignif icant ly  reduced from those of the control strengths. Both systems 
f a i l e d  cohesively and had Tgs t h a t  f e l l  i n  approximately the same range for  
test temperatures up t o  204°C [221"C to  245°C for TPI(MTC)/H20 and 225OC t o  
239°C for  TPI/MTC]. 
The lap shear strengths were 
Comparison w i t h  Literature Data for  TPI  Adhesives. Comparisons w i t h  
l i t e r a t u r e  data  (Table VI) for LARC-TPI adhesives were made for  the comnon 
t e s t  temperatures of RT and 232°C. The material identified as TPI/H20 in 
reference 9 was prepared i n  a similar manner t o  tha t  in the present study 
for  the TPI(MTC)/H20. 
diglyme solution synthesized a t  LaRC whereas the present material (LARC-TPI 1 
was obtained from a commercial source, MTCI. 
i s  noted i n  the bonding conditions, the lap shear strength resu l t s  o f  the 
two materials compare very favorably, i.e., RT strengths of 26.8 MPa and 
30.3 MPa, 232°C strengths of 19.3 MPa and 17.4 MPa. 
TPI(MTC)/H20 with data  of adhesives not prepared i n  water are similar for 
The TPI/H20 was prepared a t  UTRC from LARC-TPI/ 
8 
Although a s l i g h t  difference 
. 
Comparisons of 
11 
t hose  of references 7-.and 9 b u t  a r e  s i g n i f i c a n t l y  lower than those of 
reference 1 f o r  the RT strength, 26.8 MPa versus 41.4 MPa. 
influencing strengths may involve va r i a t ions  i n  sur face  prepara t ions ,  
bonding condi t ions  and the s t a r t i n g  resin so lu t ions .  
present study, TPI (MTC)/H20, compares ove ra l l  very favorably w i t h  t h a t  
repor ted  i n  the l i t e r a t u r e  and shows promise a s  a water-soluble  adhesive f o r  
use i n  var ious app l i ca t ions .  
Other f a c t o r s  
The mater ia l  of the 
SUMMARY 
A water-sol ubl  e vers ion of LARC-TPI prepared by United Techno1 ogi es 
Research Center, East  Hartford,  Connecticut, from the comnercial product 
marketed by Mitsui Toatsu Chemicals, Incorporated,  Tokyo, Japan was 
eval  uated a s  a thermoplast ic  adhesive f o r  bonding t i t an ium a1 1 oy, 
Ti-6A1-4V. LARC-TPI polymer, synthesized i n  diglyme, has shown promise a s  a 
h i g h  temperature thermoplast ic  adhesive f o r  po ten t i a l  app l i ca t ions  i n  
a i r c r a f t  and spacecraf t .  The polymer has e x c e l l e n t  h i g h  temperature 
p r o p e r t i e s  such a s  good thermal and thermooxidative s t a b i l i t y  a s  well as 
good toughness and f l e x i b i l i t y .  
very a t t r a c t i v e  because of low c o s t  and the s t r i c t  environmental s a f e t y  
requirements assoc ia ted  w i t h  organic sol vents. 
A water-soluble vers ion of the polymer is 
I 
The water-soluble  vers ion,  identified a s  TPI(MTC)/H20, was prepared a s  
an adhesive tape  and used t o  bond Ti-6A1-4V adherends. Lap shear  strength 
was the primary mechanical test performed t o  eva lua te  the adhesive before  , 
( c o n t r o l s )  and a f t e r  thermal ,ag ing  in a i r  up t o  5000 hrs a t  204°C and a f t e r  
a 72-hour water-boil  exposure. Lap shear  strength tests were conducted a t  
RT, 177"C, 204°C , and. 232°C. The adhesive was cha rac t e r i zed  a f t e r  
by determining the Tg (by TM4 measurement) a s  well a s  de f in ing  the 
f r a c t u r e ,  e i t h e r  cohesive o r  adhesive , by v i  sua1 observat ion 
12 
f r a c t u r e  
mode of 
A de t a i l ed  comparison of the TPI(MTC)/H20 was made w i t h  the adhesive 
i d e n t i f i e d  as TPI/MTC, a polyamic-acid prepared i n  diglyme, reported i n  
re fe rence  9 (work a l s o  performed by this l abora to ry ) .  A l i m i t e d  comparison 
was a l s o  made with o the r  l i t e r a t u r e  da ta  f o r  LARC-TPI. 
The effect o f  bonding pressures, 0.34 MPa and 2.07 MPa, during the 
bonding process was determined w i t h  the results i n d i c a t i n g  no apprec iab le  
d i f f e rences  i n  the bond s t r eng ths .  
w i t h  test  temperatures was shown f o r  204°C and 232"C, approximately 90% and 
69% of the RT s t rength ,  respec t ive ly .  
A general decrease i n  l a p  shear  s t r eng th  
Long term thermal exposure a t  204°C of uns t ressed  TPI(MTC)/H20 bonded 
l a p  shear  specimens i n  a forced-a i r  oven f o r  up t o  5000 hrs ind ica t ed  no 
apprec iab le  change i n  the l a p  shear  strengths a t  RT, 177"C, and 204°C. 
decrease i n  s t rength  f o r  the 232°C test temperature was observed f o r  up t o  
1000 hrs w h i c h  then increased s i g n i f i c a n t l y  f o r  those  exposed f o r  5000 hrs. 
The l a p  shear  s t r eng ths  were very high f o r  a l l  the RT, 177"C, and 204°C 
A 
tests 
s t i l l  
232°C 
222°C 
[ranged from 24.8 MPa (3600 p s i ) - t o  27.8 MPa (4040 Psi)] and they 
had good s t r eng th ,  16.7 MPa (2420 psi)  t o  21.9 MPa (3180 Psi 1, f o r  the 
tests. All f a i l u r e s  were cohesive.  The Tgs ranged from a low of 
I 
t o  a h i g h  o f  251°C. 
A 72-hour water-boil  test  of the TPI(MTC)/H20 l a p  shear specimens 
r e s u l t e d  i n  a s i g n i f i c a n t  reduct ion i n  the l a p  shear s t r e n g t h s .  
177"C, 204"C, and 232°C l a p  shear s t r eng ths  were, r e spec t ive ly ,  87%, 738, 
48%, and 46% of their control s t r eng ths  a t  those temperatures .  Therefore ,  
The RT, 
13 
the e f f ec t  of the water-boil exposure was t o  s ignif icant ly  reduce the 
strengths of the bonded joints .  The measured Tgs of the water-boil 
specimens indicate a possible trend o f  decreasing Tg w i t h  increasing test 
temperature. 
The adhesive of the present study, TPI(MTC)/H20, was determined to  
compare very favorably w i t h  other versions reported i n  1 i terature and, 
therefore,  shows promise as a water-soluble adhesive for  use i n  various 
applications. 
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